The involvement of chitin and collagen in marine biomineralization has been described previously[@b1][@b2][@b3][@b4]. However, this is the first report on the identification of chitin in the skeletal structural system of coralline algae. After cellulose, chitin is the second most important natural polymer in the world. Its role in biomineralization is well described, especially in mollusc shells[@b1][@b3], crustaceans[@b3][@b5] and sponges[@b3][@b4]. Chitin can also be enzymatically deacetylated to chitosan, a more flexible and soluble polymer[@b2][@b5][@b6]. Both chitin and collagen are usually formed as extracellular secretions, which eventually deposit crystalline minerals[@b3]. In natural extracellular matrices, proteoglycans and glycosaminoglycans have important roles in linking with the fibrous structure of collagen to obtain mechanical stability and compressive strength[@b7]. Amino groups of chitosan function as binding sites with collagen to improve its stability, without significantly altering the chemical characteristics of both polymers[@b3][@b7][@b8]. Therefore, it might be important to develop collagen composites with chitosan to create more suitable biomimetic microenvironments for cells.

Chitin is the main component of cell walls found in plants, bacteria, fungi[@b9][@b10], which is composed mostly of glycoprotein[@b11]. Like plants, algae have cell walls[@b10][@b12]. Algal cell walls contain either polysaccharides that we found in our present study or a variety of glycoproteins (unpublished observation) or both.

Coralline algae are among the calcifying organisms that appear to be the most sensitive to ocean acidification[@b13][@b14][@b15][@b16][@b17][@b18] due to the solubility of their high magnesium calcite skeletons[@b19]. Coralline algae are used as paleoenvironmental proxies because of their clearly defined growth information archived in annual growth bands[@b20][@b21][@b22][@b23][@b24][@b25], widespread distribution, and multicentury-long life spans. Coralline algae are abundant from tropical to polar oceans, sometimes covering up to 100% of the shallow seafloor[@b26][@b27]. However, a great deal remains unknown about the CaCO~3~ formation in the algal skeletons and the mechanism of growth, especially regarding the key components of organic molecules in the biomineralization process. Therefore, we studied the coralline alga *Clathromorphum compactum* to understand the skeletal structural system and explore the functional molecules in the biomineralization process by which the skeletal minerals form in this species (see [Fig. 1](#f1){ref-type="fig"}).

Methods
=======

Experimental specimens
----------------------

Samples of *C. compactum* were live collected in 2008 at 10 m depth near Quirpon, Newfoundland, Canada (51°35.135′ 55°25.490′), and Bay Bulls, Newfoundland, Canada (47°18.496′ 52°47.354′). Specimens from Bay Bulls were kept alive in a mesocosm with artificial seawater for one year before being flash frozen at −30°C. Frozen specimens were thawed immediately prior to processing. Algae were maintained in a mesocosm setting for calibration purposes using light and temperature conditions reflecting the natural environment at their site of collection before being frozen at −30°C. Freezing was done to prevent contamination by bacteria or fungi prior to analysis. For this study only portions of the algal skeleton that had formed prior to field collection were analyzed in order to avoid sampling skeletal material formed during the mesocosm experiment.

Preparation of skeletons
------------------------

To avoid contamination by other associated tissues (e.g., fungus, bacteria etc.) and unwanted substances, the preparation of skeletons from the algal body must be performed carefully. To do so, we used a series of mechanical and chemical treatments. (1) The selected skeletons were finely ground; (2) All pieces were washed with 95% ethanol (five times) and distilled water (ten times) while stirring; (3) The skeletons were dried and examined using a microscope to determine whether they were completely free of unwanted tissues and other contaminants. We also confirmed via Scanning electron microscope (SEM) that all skeletons are completely contamination-free; (4) Skeletal powder was stirred with 1 M NaOH for 2 h; (5) To ensure again that the skeletons were tissue free (especially fungus and bacteria), they were stirred vigorously in a 10% sodium hypochlorite (NaOCl) bleaching solution for 1 h to remove fleshy tissues and debris. The treated samples were washed under distilled water until all chemicals were removed. Finally, the samples were washed with MilliQ water five times. All steps in the preparation of skeletons were conducted at room temperature, and the materials obtained were stored at 4°C until further analysis.

We also successfully purified algal proteins (paper in preparation) from the same samples used for the present study (both soluble and insoluble organic matrices), which provides additional evidence that samples were contamination-free. In molecular studies, proteins can only be obtained from completely purified organisms.

Preparation of Soluble and Insoluble Organic Matrices
-----------------------------------------------------

The mechanically and chemically cleaned alga (ca. 10 g) were decalcified in 0.5 M EDTA-4Na (pH 7.8) overnight. The decalcifying solution was centrifuged (Eppendorf-5430) at 4,000 rpm (15 minutes), and the soluble organic matrix (SOM) in the supernatant was filtered and collected for further purification. The insoluble organic matrix (IOM) in the precipitate was subsequently lyophilized and washed with distilled water (5 times). The solution was dialyzed prior to lyophilisation to remove EDTA against 5 × 1 L of distilled water for 64 h while water was changed five times using dialysis tubing. Additional details on sample preparation can be found in Rahman et al.[@b28][@b29].

To purify SOM, filtrated samples were passed through two Sep-Pak C18 cartridges connected in tandem (Waters Associates, Milford, MA) to remove the EDTA completely and separate the soluble macromolecules, followed by passing through 10% acetonitrile (2 mL/three times). Finally, the absorbed macromolecules were eluted in 50% acetonitrile (2 mL/three times), frozen in a deep freezer and lyophilized.

Infrared (IR) Spectrometry
--------------------------

Fourier transform infrared spectroscopy (FTIR) analyses were directly performed on finely powdered *C. compactum* skeletal material. Powdered samples of skeletons and KBr (potassium bromide) were mixed (about 5% powdered samples in KBr) and loaded into the sample holder. A background spectrum was measured for KBr.

SOM (soluble organic matrix) and IOM (insoluble organic matrix) have different properties and were therefore prepared differently for analysis by ATR-FTIR to understand the details of structural and functional properties of the skeletal material. Both SOM and IOM were subjected to attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) using a FTIR spectrometer (Model Alpha, Bruker) equipped with a diamond ATR crystal cell (45° ZnSe; 80 mm long, 10 mm wide and 4 mm thick). For spectral analysis, the SOM and IOM lyophilized samples were placed onto the crystal cell and the cell was clamped into the mount of the FTIR spectrometer. Spectra in the range of 400--4000 cm^−1^ with automatic signal gain were collected in 32 scans at a resolution of 4 cm^−1^ and were rationed against a background spectrum recorded from the clean empty cell.

X-Ray Diffraction (XRD)
-----------------------

The same finely ground skeletal powder samples as for FTIR were used for this analysis. The polymorphism of crystals in the skeletons was determined by an X-ray diffractometer (Phillips) with 30 kV and 40 mA Cu Kα radiations. Sample analyses were carried out in the 20°--60° range of 2θ angle, with step sizes of 0.020° and a point measurement time of 2 s.

Scanning Electron Microscopy (SEM)
----------------------------------

In order to understand skeletal structure, *C. compactum* samples were subjected to observation under SEM (JSM6610LV; JEOL operated at 15 kV, WD14 mm). Prior to that samples were treated to remove any contamination as mentioned above (see preparation of skeletons) and SEM observations were made prior to grinding. All specimens were placed in a sample holder and coated with a palladium--gold mixture.

Results
=======

Skeletal structure of *C. compactum*
------------------------------------

Scanning electron microscope (SEM) images of the studied species show the microstructural pattern of the cells in the skeletons and the orientation of CaCO~3~ crystals structures ([Fig. 2B--D](#f2){ref-type="fig"}), which were formed biologically by the polysaccharides contained in the organic matrices. As shown in [Fig. 2B](#f2){ref-type="fig"}, SEM reveals the structural shape of the cell walls (red arrows) and coarse CaCO~3~ crystals. An enlarged view of a cell in the skeleton demonstrates the architecture of the cell wall (red box in [Fig. 2C](#f2){ref-type="fig"}) with its crystalline structure (arrows in [Fig. 2C](#f2){ref-type="fig"}). The cells from a fracrured piece of *C. compactum* are shown in [Fig. 2D](#f2){ref-type="fig"} (red boxes). [Figures 2E, F](#f2){ref-type="fig"} indicate the orientation of crystal structures on the fractured samples with an enlarged view showing magnesium calcite crystals with different planes (see [](#f3){ref-type="fig"}[](#f4){ref-type="fig"}[](#f5){ref-type="fig"}[](#f6){ref-type="fig"}[](#f7){ref-type="fig"}[](#f8){ref-type="fig"}[fig. 9](#f9){ref-type="fig"} for details crystal planes in the skeleton of *C. compactum*) in the cell, cell wall and outside the wall.

IR analyses
-----------

### Soluble organic matrix (SOM)

The structural and functional properties of the soluble organic matrix were analyzed by ATR-FTIR ([Fig. 3A](#f3){ref-type="fig"}). In an analysis of lyophilized soluble organic matrix (0.9% weight of skeletons) the FTIR showed structural protein amide bands, amide A (3000--3500 cm^−1^), amide B (2800--2990 cm^−1^), amide I (1600--1700 cm^−1^), amide II (1300--1590 cm^−1^) and amide III (1200--1290 cm^−1^). The amide bands in SOM also characterize as a collagen scaffold[@b8]. The main band at 1660 cm^−1^ is indicative of crystalline chitin formation[@b30][@b31] in SOM. The other strong chitin bands at 3277 cm^−1^ (amide A), 2920 cm^−1^ (amide B), 1543, 1399 cm^−1^ (amide II), 1233 cm^−1^ were identified in the structural crystalline side of the SOM. A strong band at 1075 cm^−1^ in the range 1030--1110 cm^−1^ (stretching C = O) is also indicative of chitin. All FTIR spectra (833, 799, 698, 572 cm^−1^) including strong bands at 459 cm^−1^ in the fingerprint region (400--850 cm^−1^ ) showed chitin formation[@b30]. We divided four regions (A, B, C, D) of IR fractions to clearly understand the findings and axis labels indicating specific peaks for chitin and collagen ([Fig. 4](#f4){ref-type="fig"}). FTIR spectra of chitins for the SOM fraction with each region were recorded separately ([Fig. 4](#f4){ref-type="fig"}). The three bands resolved in the CH stretching region of the SOM IR spectra at 2955, 2920, 2851 cm^−1^ are all characteristics of α-chitin ([Fig. 4A](#f4){ref-type="fig"})[@b31] and a collagen scaffold[@b9]. The fingerprint region of the IR spectrum at 698 cm^−1^ also points to α-chitin ([Fig. 4C](#f4){ref-type="fig"})[@b30].

### Insoluble organic matrix (IOM)

There is a very high concentration (4.5% weight of skeleton) of IOM. To analyse the IOM, ATR-FTIR spectra were recorded from the lyophilized samples ([Fig. 3B](#f3){ref-type="fig"}). As shown in [Figure 3B](#f3){ref-type="fig"}, the FTIR spectra of chitin exhibited doublet peaks at 3340 and 3295 cm^−1^ which can be assigned to N-H stretching (amide A). The main chitin band in IOM is present at 1660 cm^−1^. Another strong band attributed to chitin is visible in the range 1030--1110 cm^−1^ (stretching C = O) at the doublet 1056 and 1034 cm^−1^. All FTIR spectra (667, 559, 506, 459, 433, 409 cm^−1^) in the fingerprint region (400--700 cm^−1^) again showed crystalline chitin[@b4]. However, the chitin of IOM in the fingerprint region is exhibiting a higher number of peaks with different wavenumbers positions. Like SOM, IOM attributed the same structural protein amide bands, amide A (3000--4000 cm^−1^), amide B (2800--2990 cm^−1^), amide I (1600--1700 cm^−1^), amide II (1300--1590 cm^−1^) and amide III (1200--1290 cm^−1^). According to Fernandes et al.[@b8] the amide bands in IOM showed similar characterization as collagen-chitosan scaffolds. The main chitin bands on the structural crystalline side were amide A (3340, 3295 cm^−1^), amide B (2922 cm^−1^), amide I (1660 cm^−1^), amide II (1436 cm^−1^), and the amide III (1231 cm^−1^). As shown in [Fig. 5](#f5){ref-type="fig"}, structural position and intensity, especially in the fingerprint region of the IOM spectra were different than for the SOM. To specify the chitin bands in the IOM fraction, FTIR spectra within each region were recorded separately ([Fig. 5](#f5){ref-type="fig"}). One band in the CH stretching region of the IOM IR spectra at 2922 cm^−1^ is characteristic of α-chitin ([Fig. 5A](#f5){ref-type="fig"})[@b30]. The fingerprint region of the IR spectrum at 559 cm^−1^ is also characteristic of α-chitin ([Fig. 5C](#f5){ref-type="fig"})[@b30].

Although spectral positions of chitins are similar in both fractions, the main differences of functional groups of detected chitin bands between SOM and IOM need to be understood. As mentioned above, the arrows in [figure 6A, B](#f6){ref-type="fig"} indicate major differences between the two fractions. The three regions ([Fig. 6A](#f6){ref-type="fig"}) define diagnostic regions of functional groups which might be mainly associated with the presence of proteins/lipids (R1), protein and polysaccharides (R2) and polysaccharides (R3).

### Bulk calcified skeletal material

In order to understand the structural information of proteins and mineral composition in skeletal material of *C. compactum*, FTIR analysis was carried out. [Figure 7](#f7){ref-type="fig"} shows that the skeletons contain structural protein amide bands, named amide A (3000--3600 cm^−1^), amide B (2800--2990 cm^−1^), amide I & II (1300--1700 cm^−1^), amide III (1200--1290 cm^−1^). These bands contain both chitins and collagen[@b8][@b30] and the crystallization of skeletal minerals might be controlled by these two polymers. The spectrum reveals two peaks at 2527 and 1799 cm^−1^ which in shape and position are evidence for the presence of calcite[@b31]. Two strong Mg-calcite bands at 718 cm^−1^ (v4) and 873 cm^−1^ (v2) were also identified by FTIR[@b32]. The main chitin bands in the bulk skeletal structural crystalline side were amide A (3427 cm^−1^), amide B (2962 cm^−1^), amide I & II (1456 cm^−1^), and the amide III (1262 cm^−1^).

FTIR peaks in the SOM and IOM are at the same position in the bulk skeleton, which indicate two biopolymers (chitin and collagen) obtained in the purified organic matrices are significantly involved in the precipitation of CaCO~3~ in the skeleton ([Fig. 8](#f8){ref-type="fig"}). The points of FTIR spectra with different colored boxes indicate the chitin and collagen matrix molecules eventually influence the formation of the algal skeletal structure by nucleating the original minerals in the calcification system ([Figs. 1](#f1){ref-type="fig"}, [8](#f8){ref-type="fig"}). Purified SOM and IOM show chitin and collagen peaks in the same position region as in the bulk sample, which clearly demonstrates that chitin and collagen are involved in the calcification process.

X-ray diffraction (XRD) of calcified skeletons
----------------------------------------------

To detect the orientation of crystal structures and understand the functional properties of the organic matrix components in the calcified skeletons of *C. compactum*, the finely ground skeletal powder samples were analyzed by XRD. The XRD pattern of the skeleton is shown in [Fig. 9](#f9){ref-type="fig"}. The X-ray diffractional analysis revealed that the crystalline form of calcium carbonate in the algal skeletons was polycrystalline calcite and the structures designed in the skeletons were controlled by the organic matrix molecules. The main diffraction face intensity is the rhombohedra calcite at (104) 2*θ* = 29.5° and the next to strongest faces are the calcites at \[113\], \[110\], \[202\], \[116\], \[012\], \[122\], \[024\], \[211\] and \[006\], respectively ([Fig. 9](#f9){ref-type="fig"}). The diffraction angle, 2*θ* = 29.5° in the calcite (104) indicates the presence of Mg-calcite because the diffraction angle for pure calcite is at a maximum 2*θ* = 29.3°[@b29][@b33]. The crystalline components in the sample exhibited the characteristic chitin and collagen bands in the calcite planes. [Figure 9](#f9){ref-type="fig"} shows the XRD pattern of different chitins (α-chitins: 110,202, 012; β-chitin: 122)[@b30][@b34] and collagen bands (110, 211, 202).

Discussion
==========

Chitin, a naturally abundant polysaccharide and a supporting material of many marine calcifiers such as crustaceans[@b2], is reinforced by calcium carbonate in association with proteins in nature to provide structural strength. Our study on this biomineralization process indicates that the protein-polysaccharide of the organic matrices such as chitin and collagen in Subarctic coralline algal skeletons plays a key role in stabilizing calcite crystals ([Fig. 1](#f1){ref-type="fig"}, [7](#f7){ref-type="fig"}, [8](#f8){ref-type="fig"}). The structural characterization of chitin can be easily distinguished using vibrational spectroscopy because this structure is spectroscopically distinct and well documented[@b3][@b7][@b10][@b14][@b31][@b34]. To our knowledge, there are no published studies about the functions of chitin and collagen on the biomineralization of other coralline specimens; therefore, different marine organisms with different biominerals were used for comparison. In a recent review, the details of the elemental and organic influences (chitin and collagen) in carbonate systems were described[@b3]. The presence of chitin in the biomineralization system has been discussed in detail for different calcifiers[@b1][@b2][@b3]. One report indicated that the chitin is potentially involved in the formation of skeletons in calcifying marine sponges[@b4]. Therefore, our data are consistent with the basic concepts of the relationship between the crystal nucleus and its base planes with the organic matrices[@b1][@b2][@b3][@b4] produced in other calcifying marine organisms.

There are two principal skeletal systems which support the cellular structure of animal tissues: chitinous and collagenous frameworks[@b5]. It has been suggested that collagen in fungi which normally contain chitin[@b35] supports the cellular structure. The collagenous skeleton consists principally of the unique fibrous protein collagen I, together with different quantities of non-collagenous proteins, while the chitinous system contains amino-polysaccharide chitin together with proteins[@b36]. The FTIR spectra of collagen in the range of 4000--400 cm^−1^ show main absorption bands indicative of amide A (3333 cm^−1^), amide B (2922 cm^−1^), amide I (1653 cm^−1^), amide II (1539 cm ^−1^), and the amide III (1238 cm^−1^)[@b37]. A free N-H stretching vibration commonly occurs in the range of 3400--3440 cm^−1^. The amide B peak of the collagens (2922 cm^−1^) in IOM was attributed to the asymmetrical stretch of CH~2~ (2920--2922 cm^−1^) stretching vibration ([Fig. 3](#f3){ref-type="fig"}).

The chitin is strongly involved in different invertebrates and it can be regarded as the substrate that binds other macromolecules, which in turn induce nucleation of the mineral phase[@b38]. This is well described for mollusc shell nacre, where chitin is believed to be an important component of the molluscan organic matrix[@b1]. Chitin contributes the framework at the base of the biological hierarchy for calcification[@b37]. An alignment between the orientation of chitin fibres and the crystallographic axes of the mineral phase was observed in brachiopod and mollusc shells as well[@b9][@b10]. The chitin matrix was reported as the sole template for mineralization or in association with other molecules in the calcification system of several organisms[@b31][@b39][@b40][@b41]. Hall et al[@b39] investigated the Mg-calcite *in vivo* in the Bryozoa skeletons, where chitin was the sole template in the calcification system.

The association of organic matrix components with biomineralized structures[@b1][@b36][@b42] and their observed effect on crystallization kinetics strongly suggest that these compounds modify the growth stage of minerals. This conclusion is reinforced by observations of faceted crystal surfaces in a number of cases, including the calcite crystals reported by Mann[@b43]. On the other hand, many biomineralized structures in nature suggest that organic components also control nucleation. Moreover, there is a substantial body of evidence to suggest that proteins and other organic molecules serve as "templates", providing preferential sites for nucleation and controlling the orientation of the resulting crystals[@b29][@b44].

Our studies on the biomineralization process of the algal skeletons indicated that the organic matrix components associated with the chitin and collagen molecules play a crucial role in promoting and organizing mineral growth ([Fig. 1](#f1){ref-type="fig"}). The purification of organic matrices and their complete spectroscopic analyses provide us with comprehensive data on the biomaterials contained within the skeletons of coralline algae. These results have revealed that the organic matrix of the alga *C. compactum* is composed of two important natural biopolymers, chitin and collagen, and these are mainly responsible for the formation of Mg-calcite in the algal skeletons. Nash et al[@b14] showed that a high magnesium mineral (dolomite) in some tropical coralline algae can protect them from ocean acidification. Therefore, the chitin containing polysaccharides described here might be key organic matrix molecules in the calcification process to make *C. compactum* less susceptible to the negative impacts of ocean acidification. Chitin provides additional strength to the calcified algal skeleton and therefore protection from the destructive actions of grazing or wave tool impacts. Grazing on coralline algae is a natural process, and in fact needed to provide a photosynthetic surface clear of fleshy algal overgrowth. *C. compactum* has developed a protective calcified surface layer, the so-called epithallium that shields the underlying skeleton from physical grazing damage[@b12][@b45]. However, with increasing rates of ocean acidification and a declining ability to calcify, the algal skeleton might be weakened in the absence of the strengthening effect of chitin and become more susceptible to destruction by grazing. A deeply grazed *Clathromorphum* crust would quickly bioerode and loose its ecosystem function of harbouring a highly diverse species association[@b12][@b46]. Given the fact that *Clathromorphum* corallines encrust a spatially significant portion of shallow rocky substrate throughout the entire Arctic and Subarctic[@b12] a change in its abundance would significantly affect high-latitude shallow marine ecosystems. In summary, the results obtained from this study not only further our understanding of the complex structure of coralline algal skeletons, but also demonstrate an effective analytical approach to study biological materials in coralline algae.

Coralline algae incorporate organic materials into their skeletons that provide a chitin matrix for mineral formation, but how their nucleation occurs in the biomineralization system and how they shape or organize their skeletal crystals remains an unresolved question. This is the first study confirming the presence of chitin as an endogenous material within the structural tissues of coralline algae. This new finding therefore contributes to elucidating the coralline algal calcification process.
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![Schematic approach in understanding the dynamic mechanism of calcification, purification of the organic matrix components and the nucleation, growth, and orientation of mineral crystals by the chitin and collagen matrices at different stages of mineralization in the algal skeletons.](srep06162-f1){#f1}

![Observation of the algal skeletal structure.\
(A) Living specimen of crustose coralline alga *C. compactum*[@b12] (B) SEM image of the structural shape of the cells with their cell walls (red arrows) and coarse CaCO~3~ crystals. (C) SEM of an enlarged view of a cell in the skeleton. (D) SEM view of the cells from a fractured live-collected specimen. (E) SEM shows the CaCO~3~ deposition and crystal faces on the fractured samples (enlarged view from D) (F) SEM of an enlarged view (from E) of fractured sample showing magnesium calcite crystals \[rhombohedra (104)\] with different faces in cell, cell wall and outside the wall (arrows).](srep06162-f2){#f2}

![ATR-FTIR spectra of soluble (SOM) and insoluble (IOM) organic matrix extracted from the calcitic skeleton of the coralline alga *C. compactum*.\
(A) FTIR spectra of skeletal SOM in the range of 4000--400 cm^−1^ (indicative of chitin). (B) FTIR spectra of skeletal IOM of chitin. Maximum of transmittance bands for both SOM and IOM are indicated.](srep06162-f3){#f3}

![ATR-FTIR spectra of chitins in the soluble organic matrix (SOM) fraction.](srep06162-f4){#f4}

![ATR-FTIR spectra of chitins in the insoluble organic matrix (IOM) fraction.](srep06162-f5){#f5}

![Comparison of detected chitin bands between SOM and IOM fractions.\
The arrows (A, B) indicate major differences between two fractions. Three regions (Fig. A) are diagnostic of functional groups showing the presence of proteins/lipids (R1), protein and polysaccharides (R2) and polysaccharides (R3).](srep06162-f6){#f6}

![FTIR spectra of a bulk skeletal powder sample of *C. compactum* showing various conformations of molecules and the mineral compositions nucleated by chitin and collagen matrix molecules.](srep06162-f7){#f7}

![Structural comparison of FTIR spectra between organic matrix fractions (SOM and IOM) and the bulk skeletal powder.\
Graphs for SOM, IOM fractions and bulk skeletal powder are indicated (see spectra for SOM and IOM in [Fig. 2](#f2){ref-type="fig"}). Different colored boxes in the spectra indicate involvement of molecules in SOM and IOM fractions in forming skeletal structure in the calcification system.](srep06162-f8){#f8}

![X-ray diffraction analysis of calcified skeletal powder samples of *C. compactum*.\
The 2*θ* scan identifies the mineral form of calcium carbonate with calcitic crystal planes, which were nucleated by chitin and collagen matrices. Black arrows show the chitin and collagen bands.](srep06162-f9){#f9}
